Objective: To define the role of developmental testosterone exposures in sexual dimorphism of AAAs, we determined if exposure of neonatal female mice to testosterone confers adult susceptibility to AngII-induced AAAs.
A bdominal aortic aneurysms (AAA) are permanent dilations of the abdominal aorta with an 85% chance of death after rupture. [1] [2] [3] Recent estimates of AAA prevalence are 1.1 million people in the US aged 50 to 84. 4 As the population lives longer, it is anticipated that AAA prevalence will increase, which is of concern because there is no proven medical therapy to change aneurysm growth or rupture. A variety of risk factors influence AAA formation and progression including age, 5, 6 smoking, 7-9 obesity, 10, 11 and gender. 12, 13 Several studies have demonstrated that male sex is a prominent risk factor for human AAAs, 6, 14, 15 with recent results from the Tromsǿ study estimating that males are 2.66 times as likely as females to develop AAAs. 15 Despite a strong influence of male sex on AAA formation, mechanisms contributing to increased AAA formation in males are unclear.
Angiotensin II (AngII) infusion into hypercholesterolemic mice increased atherosclerosis and induced formation of aneurysms in both the ascending and suprarenal aortas of male mice. 16 -18 Notably, the renin-angiotensin system has been clinically implicated in the etiology of atherosclerosis, ascending aortic aneurysms, and AAAs. 19, 20 In mice, these AngII-induced vascular pathologies are mediated through angiotensin type 1a receptors (AT1aR). [21] [22] [23] Although each of these vascular pathologies are induced by infusion of AngII, only AAAs exhibit marked sexual dimorphism with a higher prevalence (4-fold) in male compared to female mice. 16, 17, 24, 25 Testosterone was determined to be a primary mediator of higher AAA prevalence in adult AngII-infused male mice. 25, 26 As a mechanistic target of testosterone to promote AngII-induced AAAs, AT1aR mRNA abundance was greater in abdominal compared to thoracic aortas of male but not female mice. This regional difference was abolished by orchiectomy and restored in castrated males by androgen administration. 26 However, the mechanistic contributions of the renin-angiotensin system to the sexual dimorphism of AAA formation have not been defined.
Sexual dimorphism has been studied extensively in several organ systems. For example, sexual dimorphism of the mammalian brain has been examined by exposing females to testosterone during the neonatal period. 27 This androgenization imposes on females transient exposures to testosterone shortly after birth and mimics developmental effects of androgen in males during the neonatal period. 28, 29 Sex hormone differences between adult males and females have been implicated as mediators of sexual dimorphism of several cardiovascular diseases. However, the role of sex hormone exposures during neonatal development on vascular diseases that display pronounced sexual dimorphism, such as AAAs, has not been defined. Moreover, mechanisms for regionspecific regulation of AT1aR expression by testosterone in different aortic regions are unknown but may relate to embryonic origins of vascular wall cells and epigenetic influences of sex hormone exposures during critical periods of development. In this study, we sought to quantify effects of transient exposures of neonatal females to testosterone on regional expression of aortic AT1aR and adult susceptibility to AngII-induced vascular diseases. Remarkably, we found that exposure of 1-day-old female mice to a single dose of testosterone increased AT1aR mRNA abundance that was restricted to abdominal aortas of adult females. In addition, females exposed to testosterone as neonates exhibited a striking increase in adult susceptibility to AngII-induced AAAs, atherosclerosis, and ascending aortic aneurysms. Deficiency of AT1aR in smooth muscle cells (SMCs) reduced effects of neonatal testosterone to promote AngII-induced AAAs in adult females but had no significant impact on the effects of neonatal testosterone in promoting atherosclerosis or ascending aortic aneurysms. Testosterone promoted AT1aR mRNA abundance in SMCs from abdominal but not thoracic aortas of male and female mice. Notably, effects of testosterone to promote AT1aR mRNA abundance were heritable in passaged abdominal aortic SMCs from female but not male mice. Our findings indicate that transient exposure of neonatal female mice to testosterone abrogates the sexual dimorphism of AngII-induced AAAs.
Methods
An expanded Methods section is provided in the online-only Data Supplement.
Mice
Female apolipoprotein E (ApoE)Ϫ/Ϫ and low density lipoprotein receptor (LDLR)Ϫ/Ϫ mice (both N10 C57BL/6 background) were bred to males in house. Within 24 hours of birth, female mice were injected once with either vehicle (corn oil) or testosterone propionate (100 or 400 g/mouse, SC, Sigma Aldrich, St. Louis, MO). Female ApoEϪ/Ϫ and LDLRϪ/Ϫ mice administered vehicle or testosterone propionate (400 g/mouse) as neonates were maintained on standard laboratory diet and terminated at 5 months of age for aortic gene analysis and aortic vascular morphology measurements without AngII infusion. In separate studies, 3-month-old female mice (ApoEϪ/Ϫ, LDLRϪ/Ϫ, AT1aR fl/fl , AT1aR SM22 knockout (KO) on an LDLRϪ/Ϫ background) administered vehicle or testosterone (400 g/mouse) as neonates were infused with either saline or AngII (500, 750, or 1000 ng/kg/min; Bachem, Torrance, CA) using osmotic pumps (Alzet, model 1004, Durect, Cupertino, CA) for 4 weeks. For studies in male mice, 1-day-old male ApoEϪ/Ϫ or LDLRϪ/Ϫ mice were injected with either vehicle or testosterone propionate (400 g/mouse) and then infused with AngII (500 or 750 ng/kg/min for 4 weeks) at 3 months of age. In separate studies, female LDLRϪ/Ϫ mice were injected with a lower dose of testosterone (100 g/mouse) within 24 hours of birth, and then infused with AngII (1000 ng/kg/min for 28 days) at 2 months of age. ApoEϪ/Ϫ mice were maintained on standard diet; LDLRϪ/Ϫ mice were fed a high-fat diet containing 21% milk fat and 0.2% cholesterol (TD88137, Harlan Teklad, Indianapolis, IN) 1 week prior to pump implantation and throughout the study. All experiments were performed in accordance with the University of Kentucky Institutional Animal Care and Use Committee.
Generation of AT1aR SM22 KO Mice
As described previously, 23 AT1aR fl/fl were generated by InGenious Targeting Laboratory (Stony Brook, NY) directly in ES cells of C57BL/6 mice and subsequently crossed to LDLRϪ/Ϫ mice. SM22-Cre mice (The Jackson Laboratory, Tg(Tagln-cre)1Her/J, #004746, Bar Harbor, ME) were bred to LDLRϪ/Ϫ mice and were identified to be the equivalent of N10. Details regarding breeding of experimental mice are provided in the Online Supplement.
Quantification of Atherosclerosis, AAAs, and Ascending Aortic Aneurysms
Atherosclerosis was quantified in the aortic arch and sinus, details are provided in the online-only Data Supplement. AAAs were defined as Ͼ50% dilation of lumen diameters from saline-infused mice. The extent of ascending aortic dilation as an index of ascending aortic aneurysms was quantified by measuring aortic arch intimal areas (to 3 mm distal to the subclavian branch) and ascending aortic diameters. 18 The incidences of ulceration in ascending aortas were assessed by observers who were blinded to the experimental design. Details regarding quantification of vascular pathologies are provided in the online-only Data Supplement.
Results

Abdominal Aortic AT1aR mRNA Abundance Was Increased in Adult Females Administered Testosterone as Neonates
The embryonic origins of cells can influence site-specific gene expression patterns in different aortic regions. 30, 31 To define potential gene targets in aortic regions that are influenced by transient exposures to testosterone during development, we administered a single dose of either testosterone or vehicle to neonatal female LDLRϪ/Ϫ mice within the first 24 hours after birth. This dosing regimen was chosen to mimic testosterone surges in neonatal males. 28, 29 Targeted PCR arrays in aortas from adult females examined 40 genes that were implicated previously in both AngII-induced AAAs in mice 32 and human AAAs (Online Table I ). Of the 40 genes examined, 16 (40%) were differentially expressed between thoracic and abdominal aortas of adult female LDLRϪ/Ϫ mice administered vehicle as neonates (Online Table II ). The majority of these genes continued to be expressed at different levels in thoracic compared to abdominal aortas of adult female LDLRϪ/Ϫ mice administered testosterone as neonates (Online Table III ). In aortas from adult females administered testosterone as neonates, 8 genes (20%) exhibited differences compared to vehicle in abdominal (5 genes) or thoracic (3 genes) aortas (Online Table IV) . Notably, AT1aR mRNA abundance was increased in abdominal but not in thoracic aortas from adult females administered testosterone as neonates. Because this receptor mediates AngII-induced atherosclerosis, ascending aortic aneurysms, and AAA formation in adult male mice, [21] [22] [23] we used RT-PCR to confirm region-specific increases in AT1aR mRNA abundance in abdominal aortas from adult ApoEϪ/Ϫ and LDLRϪ/Ϫ female mice that were administered vehicle or testosterone within 24 hours after birth. As reported previously, 26 AT1aR mRNA abundance was not significantly different between thoracic and abdominal aortas of adult female ApoEϪ/Ϫ or LDLRϪ/Ϫ mice administered vehicle as neonates ( Figure 1A and 1B, respectively). In contrast, administration of testosterone to neonatal females significantly increased AT1aR mRNA abundance in abdominal but not in thoracic aortas of adult female mice of each strain ( Figure 1A and 1B) . Thus, transient exposures of neonatal female mice to testosterone imparted a long-lasting increase in AT1aR mRNA abundance specifically in abdominal aortas of adult females. Unfortunately, we were unable to quantify AT1aR protein expression in aortas due to a lack of antibodies exhibiting specificity to AT1aR. 23 To determine whether neonatal exposures to testosterone changed aortic structure and/or function, we quantified morphology (medial thickness, Figure 1C and 1D) of selected regions of aortas from adult LDLRϪ/Ϫ females that were administered either testosterone or vehicle as neonates. Medial thickness was greatest in ascending aortas from adult females administered either testosterone or vehicle compared to other aortic regions ( Figure 1D ). However, medial thickness was not significantly influenced by neonatal administration of testosterone. We also quantified contractile responses of different aortic regions to 5-hydroxytryptamine or AngII ( Figure 1E and 1F) . Contractile responses to 5-hydroxytryptamine were greatest in suprarenal aortic segments from mice in each group ( Figure 1E ), whereas responses to AngII were greatest in infrarenal aortas ( Figure 1F ). However, there were no significant differences in contractile responses to either agonist in aortic ring segments extracted from adult females administered testosterone within 24 hours after birth compared to vehicle controls. Although it may appear surprising that the contractile response to AngII was not influenced by neonatal exposures to testosterone given the ability of the hormone to increase AT1aR mRNA abundance, previous investigators inferred that AT1bR, rather than AT1aR mediate aortic smooth muscle contractions. 33 In addition, mRNA abundance of AT1bR was greater in abdominal compared to thoracic aortas of adult female mice administered either vehicle or testosterone as neonates, with no differences in expression of this angiotensin receptor subtype between females administered vehicle or testosterone as neonates (Online Tables I-III) . Elevated expression of AT1bR in abdominal aortas is consistent with increased contractile responses to AngII in this aortic region ( Figure 1F ). These results demonstrate that administration of testosterone to neonatal females had no overt effects on aortic morphology or contractile function.
AngII-Induced AAAs Were Strikingly Increased in Adult Females Administered Testosterone as Neonates
We next investigated if elevated AT1aR mRNA abundance in abdominal aortas of adult females administered testosterone as neonates translated into increased susceptibility to AngIIinduced AAAs. Adult ApoEϪ/Ϫ females administered vehicle or testosterone as neonates were infused with either saline or AngII (1000 ng/kg/min) for 28 days. In agreement with previous reports, 34, 35 neonatal administration of testosterone resulted in a modest but significant increase in body weights of adult females (Online Table V for AngII-infused groups). However, there was no significant effect of testosterone on systolic blood pressure, blood monocyte counts, serum cholesterol concentrations (Online Table V) , or lipoprotein cholesterol distribution (Online Figure I ) in adult females infused with AngII at different rates. Notably, serum testosterone concentrations were not significantly elevated in adult female mice administered testosterone as neonates (Online Table V ) and were 7-fold lower than those observed previously in adult male ApoEϪ/Ϫ mice. 25 In saline-infused adult female ApoEϪ/Ϫ mice, neonatal administration of testosterone had no significant effect on maximal aortic diameters of suprarenal abdominal aortas ( Figure 2B ). AAA incidence, which included mice that died from aneurysmal rupture, was increased dose-dependently by AngII in female mice administered vehicle as neonates (Figure 2A ). However, it did not rise above 21% at the highest infusion rate (1000 ng/kg/min) of AngII. Infusion of AngII (1000 ng/kg/min) to adult females administered vehicle as neonates resulted in modest but significant increases in external diameters of abdominal aortas ( Figure 2B ), indicative of aneurysm formation in a small percentage of mice (Figure 2A and 2C ). In contrast, AAA incidence was strik-ingly elevated with increasing infusion rates of AngII in adult females administered testosterone as neonates compared to vehicle-administered controls (Figure 2A) , with a 3-fold increase in AAA incidence at infusions of 1000 ng/kg/min of AngII (21% versus 64%; PϽ0.05). In addition, adult female mice exposed to testosterone as neonates exhibited striking increases in external diameters of abdominal aortas with pronounced aneurysmal pathology similar to that observed previously in adult males (Figure 2A-C) . 24, 25 An increase in mortality from aneurysmal rupture contributed to higher AAA incidences in females administered testosterone as neonates (rupture: vehicle, 7%; testosterone, 20%). These results demonstrate that transient exposure of neonatal females to testosterone abrogates the sexual dimorphism of AngII-induced AAAs in adult females that exhibited low concentrations of serum testosterone.
We also examined effects of the same dose of testosterone administered to 1-day-old male ApoEϪ/Ϫ mice on susceptibility to AngII-induced vascular diseases as adults. In contrast to findings in females, AAA incidence and maximal external diameters were not altered in adult male mice administered testosterone as neonates (Online Figure IIA and IIB). These results suggest that in male mice, with the natural occurrence of neonatal androgen surges, the dose of testosterone administered in this study did not impose supraphysiological effects on AngII-induced AAAs. 
SMC Deficiency of AT1aR Blunted the Effects of Neonatal Testosterone Exposure to Promote AngII-Induced AAAs
AT1aRs are expressed in several cell types within the vascular wall. Previous studies examining temporal changes in aneurysmal pathology with AngII infusion demonstrated focal elastin degradation within the medial layer of abdominal aortas early in AngII-induced AAAs. 36 These results suggested that testosterone exposures in neonatal females may regulate AT1aR mRNA abundance within SMCs of the abdominal aorta to promote AngII-induced AAA formation. Therefore, we investigated if SMC-specific AT1aR deficiency reduced the effect of neonatal testosterone in promoting AngII-induced AAAs. As described previously, 23 we used Cre-LoxP technology to generate mice with deficiency of AT1aR in SMCs. Mice were engineered with loxP sites flanking exon 3 of AT1aR, which includes the entire coding region (Online Figure IIIA) . AT1aR fl/fl females on an LDLRϪ/Ϫ background were mated to male mice expressing Cre recombinase under the control of an SM22 promoter to generate SMC-specific AT1aR-deficient mice (AT1aR SM22 KO) and wild type littermates (AT1aR fl/fl ). 23, 37, 38 Depletion of AT1aR from SMCs was verified by PCR of genomic DNA from aortas (Online Figure IIIB) . Female AT1aR fl/fl control and AT1aR SM22 KO mice were administered a single dose of vehicle or testosterone within 24 hours of birth, and then infused with AngII at 2 months of age. Notably, neonatal administration of testosterone, as well as SMC-specific AT1aR deficiency, had no significant effect on baseline systolic blood pressures, AngII-induced hypertension, 23, 39 plasma aldosterone concentrations, serum cholesterol concentrations (Table) , or serum lipoprotein cholesterol distributions (Online Figure IV) . Moreover, serum testosterone concentrations did not significantly differ across study groups (Table) .
Similar to findings from adult ApoEϪ/Ϫ females exposed to testosterone within 24 hours of birth, adult AT1aR fl/fl LDLRϪ/Ϫ females administered testosterone as neonates exhibited a striking increase in the incidence ( Figure 3A ) and size ( Figure 3B and 3C) of AngII-induced AAAs. Interestingly, SMC-specific AT1aR deficiency significantly reduced, but did not ablate, effects of neonatal testosterone to promote AngII-induced AAAs ( Figure 3A-3C) . Notably, even though AAA incidence was significantly decreased in AT1aR SM22 KO females administered testosterone as neonates, females of each genotype that exhibited an AAA developed aneurysms of similar sizes ( Figure 3D ). Moreover, we examined tissue characteristics of AAAs of equivalent sizes that formed in adult female mice of each genotype exposed to testosterone as neonates. In both genotypes, AAAs exhibited typical characteristics of pronounced adventitial thrombus, elastin degradation within the aortic media and pronounced lumen dilation ( Figure 3E ). These data demonstrate that exposure of neonatal females to testosterone results in a long-lasting increase in adult susceptibility of females to AngII-induced AAAs partially through SMC AT1aR. 
AngII-Induced Atherosclerosis and Ascending Aortic Aneurysms Were Increased in Adult Females Administered Testosterone as Neonates, But SMC Deficiency of AT1aR Had No Effect
We also quantified ascending aortic aneurysms 18 and atherosclerosis 17 as additional vascular pathologies induced by infusion of AngII that do not display sexual dimorphism between adult males and females. 25, 26 In females administered vehicle as neonates, there was no significant effect of SMC AT1aR deficiency on AngII-induced atherosclerosis in aortic sinuses ( Figure 4A ) or arches (Online Figure VA) . Surprisingly, testosterone administration to neonatal female mice resulted in pronounced increases in AngII-induced atherosclerosis in AT1aR fl/fl and AT1aR SM22 KO adult female mice ( Figure 4A and Online Figure VA) . However, deficiency of AT1aR in SMCs did not significantly influence the ability of neonatal testosterone administration to promote AngII-induced atherosclerosis ( Figure 4A-4C ). Lesional phagocytes, as defined by quantification of CD68 immunostaining in aortic sinus sections from adult females, were increased significantly by neonatal administration of testosterone in lesions from AT1aR fl/fl and AT1aR SM22 female mice ( Figure 4B ). Moreover, cellular compositions (phagocytes, SMCs) of atherosclerotic lesions in aortic sinus sections were similar between AT1aR fl/fl and AT1aR SM22 female mice administered testosterone as neonates ( Figure 4C ).
In addition to promoting atherosclerosis, neonatal testosterone administration to female LDLRϪ/Ϫ mice augmented AngII-induced increases in ascending aortic diameters (Figure 4D ) and ascending aortic intimal areas (Online Figure  VB) , indicative of ascending aortic aneurysms. 18 Cross sections from ascending aortas of female mice exposed to testosterone as neonates and then infused with AngII as adults exhibited significant medial thickening ( Figure 4E and 4F) and aortic ulceration (Online Figure VC and VD). Macrophage immunostaining was prominent in media and adventitia of aortic arch sections from AngII-infused adult female mice administered testosterone as neonates ( Figure 4E ), similar to results previously observed in ascending aortas of adult male mice. 18 SMC deficiency of AT1aR did not significantly influence the ability of neonatal testosterone administration to promote AngII-induced aneurysms in the ascending aorta ( Figure 4D-4F) . Thus, SMC AT1aR deficiency resulted in a selective reduction in AngII-induced AAAs, but not atherosclerosis or ascending aortic aneurysms, in female mice administered testosterone as neonates.
Neonatal Female Mice Were More Sensitive Compared to Neonatal Males to Testosterone Exposures to Promote AngII-Induced Vascular Pathologies
Our approach has been to attempt to mimic neonatal surges of testosterone in male mice shortly after birth 28, 29 and superimpose similar systemic concentrations of testosterone on neonatal females. It is technically challenging to measure serum testosterone concentrations in 1-day-old male and female mice to confirm whether we had indeed achieved similar circulating testosterone concentrations between males and females. Because administration of testosterone to neonatal ApoEϪ/Ϫ males had no significant effect on adult male susceptibility to AngII-induced AAAs, it is likely that the dose of testosterone was not supraphysiologic in addition to endogenous neonatal surges of testosterone. However, as an alternative approach, we determined if administration of a 4-fold lower dose of testosterone (100 g) to 1-day-old female LDLRϪ/Ϫ mice was sufficient to confer increased adult susceptibility to AngII-induced AAAs. We also administered a higher dose (400 g) of testosterone to neonatal LDLRϪ/Ϫ male mice and then defined adult sensitivity to AngII-induced AAAs. AAA incidence (from 30% to 64%, Figure 5A ) and size ( Figure 5B and 5C) increased in adult female LDLR administered the lower dose of testosterone as neonates. Atherosclerosis was increased significantly in aortic sinus sections from adult AngII-infused females administered the lower dose of testosterone as neonates ( Figure 5D ). In addition, aortic arch areas (vehicle: 17.6Ϯ0.8; testosterone: 20.4Ϯ0.8 mm 2 ; PϽ0.05) and ulceration of the aortic arch (vehicle: 20%; testosterone: 57%) were significantly increased in females administered the lower dose of testosterone as neonates. In contrast, male LDLRϪ/Ϫ mice exhibited no increased response to a higher dose (400 g) of neonatal testosterone exposure in the development of AngII-induced AAAs, atherosclerosis, and ascending aortic aneurysms (Online Figure VIA-VIC) . These results demonstrate pronounced sensitivity of neonatal females to testosterone to promote a long-lasting increased susceptibility to AngII-induced vascular diseases. Neonatal testosterone exposures exerted a region-specific effect to promote a long-lasting increase in AT1aR mRNA abundance in abdominal aortic SMCs to increase susceptibility to AngII-induced AAAs in adult females. To define mechanisms for these effects, we quantified androgen receptor mRNA abundance in thoracic and abdominal aortas of adult male and female ApoEϪ/Ϫ mice. Interestingly, similar to regional differences in AT1aR expression ( Figure 1A and 1B), androgen receptor mRNA abundance was expressed at a significantly higher abundance in abdominal compared to thoracic aortas of male and female mice (Online Figure VII) . To determine if regional differences in androgen receptor expression abundance arose from SMC cells within different aortic regions, we cultured SMCs from thoracic and abdominal aortic regions of adult male and female mice. Notably, androgen receptor mRNA and protein expression were significantly increased in SMCs cultured from abdominal compared to thoracic aortas from male and female mice ( Figure  6A and 6B). Furthermore, testosterone significantly increased AT1aR mRNA abundance in primary cultures of SMCs from abdominal but not thoracic aortas of male and female mice 
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( Figure 6C and 6D). These results suggest that regional differences in androgen receptor expression contribute to site-specific increases in abdominal aortic SMC AT1aR expression by testosterone.
Because heritability is a characteristic of epigenetic gene regulation, we examined heritability of testosterone-induced increases in AT1aR mRNA abundance in passaged SMCs from abdominal aortas of male and female mice. After incubation of abdominal aortic SMCs with vehicle or testosterone for 24 hours, cells from both male and female mice were passaged to proliferate for 1 additional generation. Elevated AT1aR mRNA abundance persisted in passaged abdominal SMCs from female but not male mice ( Figure 6E ). These results demonstrate sexual dimorphism of testosteroneinduced regulation of AT1aR expression in abdominal SMCs.
To determine if testosterone-induced increases in AT1aR mRNA abundance in abdominal aortic SMCs result in increased functional responses to AngII, we examined AngIIinduced hydrogen peroxide generation in testosterone-treated SMCs cultured from thoracic and abdominal aortas of female mice. Incubation of thoracic and abdominal aortic SMCs with AngII significantly increased hydrogen peroxide generation, which was abolished by losartan ( Figure 6F and 6G) . In abdominal but not thoracic aortic SMCs previously exposed to testosterone, AngII-induced hydrogen peroxide generation was increased compared to vehicle (DMSO). These results demonstrate that testosterone-induced increases in AT1aR mRNA abundance specifically in abdominal aortic SMCs result in heightened regional-specific functional responses to AngII.
Discussion
Our findings reveal that exposure of neonatal female mice to a single dose of testosterone is sufficient to increase the adult susceptibility to AngII-induced AAAs. Notably, exposure of neonatal females to testosterone promoted a regional increase in abdominal aortic AT1aR mRNA abundance in adult females, a mechanism that was suggested to contribute to sexual dimorphism of AngII-induced AAAs between adult male and female mice. 24, 25 To gain insights into the cell targets of testosterone during development to increase aortic AT1aR mRNA abundance and enhance AngII-induced AAAs, we performed studies in female mice lacking AT1aR in SMCs. SMC-specific deficiency of AT1aR reduced neonatal effects of testosterone to promote AngII-induced AAAs. Notably, neonatal exposures of female mice to testosterone also increased AngII-induced atherosclerosis and ascending aortic aneurysms, even though these vascular pathologies do not exhibit sexual dimorphism between adult males and females. However, SMC deficiency of AT1aR had no effect on augmented atherosclerosis or ascending aortic aneurysms in adult females exposed to testosterone as neonates. Mechanisms for site-specific effects of testosterone to regulate AT1aR mRNA expression and AngII-induced reactive oxygen species production include differential expression of androgen receptors in SMCs from abdominal compared to thoracic aortas. Moreover, heritable effects of testosterone to promote AT1aR expression in abdominal aortic SMCs from female but not male mice demonstrate sexual dimorphism of testosterone regulation of AT1aR expression. These results demonstrate that distinct mechanisms mediate effects of neonatal testosterone exposures to promote 3 different AngIIinduced vascular pathologies in adult females. Moreover, these studies are the first to demonstrate that transient 
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exposure of neonatal females to testosterone abrogates the sexual dimorphism phenotype of AAAs. Exposure of neonatal females to testosterone, designed to mimic a surge of testosterone in males shortly after birth, 28, 29 has been used extensively by many investigators to study sexual dimorphism of brain structure and function. Permanent changes in brain neurons of females androgenized during development are considered to be "organizational", allowing for male-like behaviors that persist to adulthood. 27 In contrast to studies focused on brain, little is known about developmental effects of testosterone on other traits. We focused on effects of testosterone during neonatal development on regional variations in AT1aR abundance in aortas because previous studies demonstrated a critical requirement of AT1aR for AngII-induced AAAs, atherosclerosis, and ascending aortic aneurysms in male mice. 18, 22 Moreover, our previous results demonstrated higher expression of AT1aR in abdominal compared to thoracic aortas of male but not female mice. 26 In this study we demonstrated that administration of testosterone to neonatal female mice initiated greater abdominal aortic AT1aR mRNA abundance and markedly enhanced AAA formation in adult females. Interestingly, unlike males, 25, 26 exposure of neonatal females to testosterone resulted in long-lasting effects that persisted into adulthood and did not require the continued presence of high concentrations of testosterone in serum. In SMCs cultured from abdominal aortas of female but not male mice, testosterone promotion of AT1aR expression was heritable, supporting epigenetic mechanisms contribute to sexual dimorphism of testosterone's effects. Androgen receptors, which exhibited a region-specific increase in abdominal compared to thoracic aortic SMCs in the present study, regulate transcription of target genes by accessing DNA in complexes with coactivators and corepressors, many of which have enzymatic activities for histone modification. 40, 41 Previous studies demonstrated that administration of a histone deacetylase inhibitor to neonatal male mice blocked masculinization of the adult male brain. 42 Moreover, administration of an histone deacetylase inhibitor to neonatal female mice that were androgenized by testosterone blocked masculinization of the adult brain. 42 These findings suggest that epigenetic effects of androgen receptor stimulation during neonatal development may have contributed to long-lasting increases in vascular disease susceptibility of adult females. Moreover, Hydrogen peroxide production was measured using Amplex Red. *PϽ0.001 compared to saline within treatment; **PϽ0.01 compared to DMSO within AngII treatment. Nϭ3 to 6 replicates/group. regional differences in androgen receptor expression in aortic SMCs most likely contributed to site-specific increases in AT1aR expression in abdominal aortas of adult females administered testosterone as neonates.
Our findings demonstrate that male mice experiencing normal surges of testosterone during the neonatal period administered the single dose of testosterone did not respond the same as females exhibiting striking increases in AngIIinduced vascular diseases. Thus, it is unlikely that the dose of testosterone administered in these studies was supraphysiologic. Rather, these results suggest that neonatal male and female mice respond differently to testosterone. This hypothesis is supported by augmented AngII-induced atherosclerosis and ascending aortic aneurysms in adult females administered testosterone as neonates, even though adult male and female mice do not display sex differences in these AngIIinitiated vascular diseases. Moreover, even though male mice exhibited no response to the higher dose of testosterone during neonatal development, a 4-fold lower dose of testosterone administered to neonatal females promoted their adult susceptibility to AngII-induced vascular diseases. Finally, abdominal aortic SMCs from female but not male mice exhibited heritability of testosterone regulation of AT1aR. Taken together, these results suggest that responses to testosterone differed between male and female mice. Recent studies support sex chromosomes influence sexual dimorphism of AngII-induced hypertension. 43 Similarly, sexual dimorphism of AngII-bradycardiac baroreflex responses were ascribed to differences in sex chromosomes in a 4-core genotype model allowing for dissection of effects of gonadal sex from sex chromosome complement. 44 Differences in the complement of genes in XX versus XY cells or X-linked gene differences may have contributed to differential responses to testosterone between male and female mice.
Our previous results demonstrated focal medial elastin degradation was an early event in AAA formation in adult male ApoEϪ/Ϫ mice. 36 Results from this study demonstrate that testosterone increases AT1aR mRNA expression in primary cultured mouse abdominal aortic SMCs. Moreover, this is the first demonstration that deficiency of AT1aR in SMCs decreased neonatal effects of testosterone to promote AngII-induced AAAs but had no effect on 2 other vascular pathologies induced by infusion of AngII. Interestingly, in this study, AAAs that did form in female mice with SMCspecific AT1aR deficiency had similar size and pathological characteristics to those of wild type controls. Thus, as opposed to downstream signaling pathways, testosterone may influence initiating events in the formation of AngII-induced AAAs by promoting AT1aR expression in pivotal cell types, including vascular SMCs. Apoptosis of SMCs contribute to AngII-induced AAAs, because administration of a caspase inhibitor reduced medial apoptosis and significantly decreased AAA formation. 45 Moreover, genetic deficiency of cyclophilin A, a chaperone protein abundantly expressed in SMCs, abolished AngII-induced AAAs. 46 Because effects of testosterone to increase AT1aR mRNA abundance were heritable in SMCs specifically from abdominal aortas of female mice, these results suggest that testosterone exerts epigenetic effects to regulate AT1aR expression in a sitespecific and sexually dimorphic manner. Mechanisms for site-specific effects of testosterone to increase abdominal aortic AT1aR expression include greater androgen receptor expression in abdominal aortic SMCs. These results suggest that promotion of AT1aR expression in abdominal aortic SMCs by testosterone influenced the initiating event in AngII-induced AAAs. Of note, increased AT1aR mRNA abundance by testosterone exposures in SMCs isolated from abdominal aortas resulted in enhanced functional responses to AngII.
The diversity of SMC embryonic origins has been suggested to contribute to region-specific aortic pathologies, including those induced by infusion of AngII. 47, 48 For example, thoracic and abdominal aortic SMCs respond distinctively to transforming growth factor-␤. 30 Inhibition of transforming growth factor-␤ has a beneficial effect in a mouse model of ascending aortic aneurysms, whereas inhibition of transforming growth factor-␤ promotes aortic dissection of AngII-induced AAAs. 49, 50 Our results demonstrate that thoracic and abdominal aortas differ in the regulation of expression of several genes, most importantly AT1aR, and that effects of testosterone to increase aortic AT1aR expression were specific to abdominal aortas. Recent results demonstrated that infusion of AngII to C57BL/6 male mice resulted in hyperplasia of SMCs in the ascending aorta but hypertrophy in other aortic regions. 51 Interestingly, despite differences in AT1aR-mediated regulation of SMCs growth along the aortic length, all growth-related responses of SMCs to AngII were abolished in AT1aR-deficient mice. 51 In studies focused on AT1aR located to endothelial or SMCs as targets of AngII to induce aneurysms in the ascending aorta, results demonstrated that deficiency of AT1aR in endothelial cells, but not SMCs, reduced AngII-induced ascending aortic aneurysm. 23 Our results demonstrate that even though testosterone promoted a region-specific increase in AT1aR mRNA abundance to abdominal aortas, all 3 AngII-induced pathologies were increased in neonatal females exposed to testosterone. Moreover, although SMC-specific deficiency of AT1aR reduced effects of testosterone to promote AngII-induced AAAs, ascending aortic aneurysms, and atherosclerosis were not influenced by deficiency of AT1aR on this cell type. A lack of effect of SMC AT1aR deficiency to reduce ascending aortic aneurysms in adult females exposed to testosterone as neonates is consistent with recent results obtained from adult male mice lacking AT1aR. 23 In conclusion, these data demonstrate that a single dose of testosterone administered to neonatal female mice confers permanently increased susceptibility to AngII-induced AAAs, atherosclerosis, and ascending aortic aneurysms in adulthood. An ability of a single dose of testosterone administered to neonatal females to promote 3 distinct vascular pathologies indicates that short-term hormonal exposures at pivotal periods of development can markedly impact vascular disease susceptibility of adults. Moreover, mechanisms for sexual dimorphism of these vascular pathologies are distinct, because smooth muscle AT1aR deficiency reduced the ability of neonatal administration to increase AAAs but not AngIIinduced atherosclerosis or ascending aortic aneurysms in adult females. Heritability of testosterone's effect to increase SMC AT1aR in abdominal aortic SMCs from female but not male mice demonstrates sexual dimorphism of SMC responses to testosterone. These results demonstrate that adult AAA susceptibility can be regulated by neonatal exposures to testosterone, indicating a pivotal role for testosterone during critical periods of development as an initiator of the sexual dimorphism of AAAs.
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Novelty and Significance
What Is Known?
• Abdominal aortic aneurysms (AAAs) in humans and angiotensin II (AngII)-induced AAAs in mice exhibit pronounced sexual dimorphism with greater prevalence in males than in females.
• In adult mice, testosterone increases angiotensin type 1a receptor (AT1aR) in abdominal aortas where the AAAs form. It also increases the incidence of AAAs in male mice.
What New Information Does This Article Contribute?
• Exposure of female mice to a single dose of testosterone within 24 hours of birth, to mimic testosterone surges in neonatal males, has a long lasting effect in increasing abdominal aortic AT1aR expression and AngII-induced AAAs in adult females. It also increases AngII-induced atherosclerosis and ascending aortic aneurysms.
• Smooth muscle cell (SMC)-specific deficiency of AT1aR results in a selective reduction in the neonatal effects of testosterone in promoting AngII-induced AAAs, but it has no effect on atherosclerosis or ascending aortic aneurysms.
• Heritability of testosterone-induced increases in AT1aR expression in abdominal aortic SMCs from female, but not male, mice suggests that epigenetic mechanisms contribute to sexual dimorphism of testosterone responses.
AAAs exhibit pronounced sexual dimorphism with much higher prevalence in males. Thus, it is important to identify mechanisms underlying sexual dimorphism of AAAs to understand the pathogenesis and develop more effective strategies for treating this life-threatening disease. We report here that transient exposures of female mice to testosterone shortly after birth induces a long-lasting increase in AT1aR mRNA abundance in abdominal aortas and a striking increase in susceptibility to AAA during adulthood. Transient testosterone exposures in neonatal females promoted atherosclerosis and ascending aortic aneurysms. Our results demonstrate that deletion of AT1aR alleles in SMCs resulted in a selective decrease in AAAs, but not atherosclerosis or ascending aortic aneurysms induced by exposures of neonatal females to testosterone. Finally, testosterone exerted a region-specific increase in abdominal aortic SMC AT1aR expression that was heritable in passaged cells from female but not male mice. Regional differences in androgen receptor expression with increased localization to abdominal aortic SMCs may have contributed to site-specific effects of testosterone. 
SUPPLEMENTAL MATERIAL
, Richard Charnigo
Generation of AT1aR SM22 KO mice. As described previously, AT1aR fl/fl were generated by InGenious Targeting Laboratory (Stony Brook, NY) directly in ES cells of C57BL/6 mice and subsequently crossed to LDLR-/-mice.
1 SM22-Cre mice (The Jackson Laboratory, Tg(Taglncre)1Her/J, #004746, Bar Harbor, ME) were bred to LDLR-/-mice and were identified to be the equivalent of N10. For experimental mice, male AT1aR SM22 KO mice were bred to female Quantification of atherosclerosis, AAA and ascending aortic aneurysms. After deeply anesthetized with ketamine/xylene, mice were exsanguinated and perfused with saline through the left ventricle of the heart. Aortas were harvested and fixed overnight in 10% formalin.
Extraneous tissues were carefully dissected from aortas. Atherosclerosis was quantified in the aortic arch and sinus as described previously. 2, 3 Images of aortas were taken using a dissection microscope (SMZ 800; Nikon) and a digital camera (DS-Fi1; Nikon). Maximal diameters of abdominal aortas were measured on cleaned, formalin-fixed aortas by ImagePro Plus 5.1 software (Media Cybernetics, Bethesda, MD). Three observers blinded to the experimental design evaluated AAA incidence. AAAs were defined as > 50% dilation of lumen diameters from saline-infused mice. The extent of ascending aortic dilation as an index of ascending aortic aneurysms was quantified by measuring aortic arch intimal areas (to 3 mm distal to the subclavian branch) and ascending aortic diameters. 4 The incidences of ulceration in ascending aortas were assessed by observers who were blinded to the experimental design.
Immunohistochemistry. Aortic sinus from representative samples (n=5/group) were sectioned and immunostained for CD68 (5 μg/mL; rat monoclonal ab53444, Abcam, Cambridge MA) and smooth muscle alpha-actin (5 μg/mL; Rabbit polyclonal ab5694; Abcam, Cambridge MA). To assess pathohistologies of AAA and ascending aortic aneurysms, frozen serial sections were generated from formalin-fixed aneurysm samples using a cryostat as described previously. 1, 5 AAA sections were stained with Movat's pentachrome (Poly Scientific, Bay Shore, NY). Representative ascending aortic aneurysms (n=5-6/group) were sectioned and stained with hematoxylin and eosin, and for macrophages (1:1000 dilution, rabbit anti-serum AIAD31240, Accurate Chemical Co, Westbury, NY). Stained sections were magnified and photographed using a microscope (Eclipse 80i; Nikon) and a digital camera (DS-Ri1; Nikon). Medial thickness was measured on H&E stained sections as described previously. 4, 6 Measurement of systolic blood pressure. Systolic blood pressures were quantified 1 week prior to osmotic mini pump implantation and during the third week of AngII infusion using a noninvasive tail-cuff system (BP-2000 Blood Pressure Analysis System, Visitech Systems). 7, 8 Blood analysis. Blood was obtained from the right ventricle of anesthetized mice (ketamine/xylazine, 100/10 mg/kg, ip) for measurement of monocyte and red blood cell counts (Hemavet, Drew Scientific Group, Dallas, TX). Total serum cholesterol concentrations were measured from individual mice using enzymatic assay kits (Wako Pure Chemical, Catalog No. 439-17501). Serum samples (50 ul; n = 5/group) were resolved by size exclusion chromatography, 9 and cholesterol concentrations quantified using enzymatic kits. Serum testosterone concentrations and plasma aldosterone concentrations were quantified using commercial RIA DSL-4000 and RIA DSL-8600 kits, respectively (Diagnostic Systems Laboratories, Inc.).
Aortic morphology.
Mice were terminated and perfusion fixed with formalin under physiological pressure for 30-45 minutes to quickly preserve vessel morphology. Aortas were removed and fixed with formalin overnight at room temperature. Extraneous tissue, including fat and connective tissues were removed carefully from aortas. As described previously, 6 aortic segments (2 mm) were removed from ascending, thoracic and abdominal (suprarenal) regions and embedded in paraffin for subsequent analyses. Ten micron sections of ascending, thoracic and abdominal aortas were deparaffinized in xylene and stained with H&E for morphometric analysis. For each aortic segment, 3-5 sections per mouse were chosen to quantify medial thickness. Four fields per section were quantified and analyzed using ImagePro Plus 5.1 (Media Cybernetics) to calculate mean medial thickness.
Aortic contractility measurement. Quantification of contractile activity was performed using ring segments (3 mm) from ascending, suprarenal and infrarenal aortas as described previously.
lumen and bathed in wells containing Krebs Henseleit solution. Optimal resting tension (1 gm) was maintained continuously and recorded on a Micro-Med instrument. After 30 min for equilibration, tissues were incubated with potassium chloride (KCl; 80 mM), followed by 5 hydroxytryptamine (1 μM, Sigma) and AngII (1 μM, Sigma). The contractile force generated in response to AngII was normalized as a percentage of the KCl response.
Isolation and culture of aortic smooth muscle cells (SMCs). Male and female C57BL/6J mice (6 weeks of age; stock # 000664; n=24/gender) were purchased from The Jackson Laboratory (Bar Harbor, ME). Thoracic (aortic arch to diaphragm) and abdominal aortas (diaphragm to ileal bifurcation) were harvested and dissected free of adventitia and all extraneous tissues. SMCs were isolated as previously described from thoracic and abdominal aortas.
11 Cells harvested from every 2 pooled thoracic/abdominal aortas were seeded in one well on a 6-well plate. SMCs were routinely cultured in phenol red free DMEM containing amphotericin B (2.5 µg/mL) and 20% regular fetal bovine serum (FBS, Gemini Bio-Products) for male cells or female FBS (Tissue Culture Biologicals) for female cells. Cells in passage 1 were used for all experiments. SMC phenotype was confirmed by alpha-actin immunofluorescence staining in the cells (C6198, Sigma Aldrich). Aortic SMC were serum-starved with 0.1% charcoal stripped FBS (Gibco, Life Technologies) for 12-24 hour before incubation with testosterone propionate (10 nM; Sigma Aldrich) in DMSO (0.1%) for 24 hours. Cells were subsequently harvested for gene analysis.
In a separate experiment to study the heritability of the effect of testosterone, SMCs isolated from the abdominal aortas of male and female mice were trypinized and passaged after 24 hours incubation with DMSO or testosterone. These passaged abdominal SMCs from both male and female mice were subsequently cultured in phenol red free DMEM containing 20% female FBS to minimize the possible interference from testosterone contained in regular FBS. When grown to about 80% confluence, cells were harvested for RNA extraction.
Amplex Red assay for hydrogen peroxide (H 2 O 2 ) production. As described above, thoracic and abdominal aortic SMCs from female C57BL/6J mice were isolated and cultured on 6-well plates. Once grown to 80% confluence, aortic SMCs were serum-starved for 12-24 hours before incubation with DMSO (0.1%) or testosterone propionate (10 nM) (24 hrs). Cells were washed with pre-warmed phosphate-buffered saline and subsequently incubated with AngII (1 µM) or AngII (1 µM) plus losartan (1 µM) for 6 hours. Amplex red assay was performed following the manufacturer's instructions (Molecular Probes®, Life Technologies). Briefly, SMCs were incubated at 37°C with Krebs Ringer phosphate glucose buffer containing Amplex red (50 μM) and horseradish peroxidase (0.1 U/ml). Resorufin, the fluorescent product, was measured in duplicate using a fluorescence microplate reader (Molecular Devices, SpectroMax M2) with excitation at 550 nm and emission at 590 nm. H 2 O 2 concentration was calculated using a standard curve and was normalized to total cellular protein content.
Western blot. Total cell lysates were prepared in M-PER reagent (Mammalian Protein Extraction Reagent, ThermoScientific, Rockford, IL) and spun at 14,000 g for 10 minutes. The supernatant was removed and protein content was quantified (BCA kit, ThermoScientific) using BSA as a standard (Bio-Rad, Hercules, CA). Equal amounts of proteins (15 μg) were resolved by 4-15% precast polyacrylamide gel (Biorad, Hercules, CA) and transferred electrophoretically to PVDF membranes. After blocking with 5% non fat milk, primary antibodies against androgen receptor (rabbit monoclonal ab52615, Abcam, Cambridge MA) and beta actin (clone AC-15, Sigma Aldrich) were used to probe the membranes. Membranes were then incubated with appropriate secondary antibodies. Blots were then incubated with SuperSignal West PicoChemluminescent substrate (ThermoScientific, Rockford, IL) for 5 minutes at room temperature and were quantified using a Kodak Imager.
RNA preparation, RT
2 Profiler PCR arrays, and real time PCR. For in vivo experiments, thoracic (aortic arch to diaphragm) and abdominal aortas (diaphragm to ileal bifurcation) were harvested from age-matched adult female mice. Aorta samples were stored in RNA Later (Ambion, Austin, TX) and cleaned of all adherent tissue. Total RNA was extracted using Rneasy Fibrous Minikit (Qiagen, Alameda, CA). 8 All RNA samples were incubated with Turbo DNA-free (Ambion, Austin, TX) to remove genomic DNA. RNA quantity was assessed spectrophotometrically, and quality was evaluated using a Bio-Rad Experion Automated Electrophoresis System (Bio-Rad, Hercules, CA).
For PCR micro-arrays, we selected 40 gene targets (Online Table 1 ) based on genes identified previously as those altered in AngII-induced AAAs. 12 Custom target RT² Profiler™ PCR Arrays were obtained from SABiosciences (Frederick, MD). cDNA samples were subsequently synthesized using RT 2 Profiler PCR array first strand kit C-02 (SABiosciences, Frederick, MD). Mouse RT² RNA QC PCR Array (PAMM-999, SABiosciences, Frederick, MD) was used to confirm whether RNA quality was suitable for PCR array analysis. RT² Profiler™ PCR arrays were performed according to the manufacturer's instructions using a BioRad iCycler (BioRad, Hercules, CA). Data were analyzed using an array data analysis template from the manufacturer's website (http://www.sabiosciences.com/pcrarraydataanalysis.php) and normalized to housekeeping control genes included in the array. Regulation of aortic AT1aR gene expression was further verified by RT-PCR. Mouse AT1aR primers were obtained from Qiagen (Alameda, CA). Relative quantification of aortic AT1aR mRNA abundance was performed using a BioRad iCycler (BioRad, Hercules, CA).
8 18S rRNA was used to normalize for loading and data are expressed as AT1aR/18S ratios.
Statistical analysis. Data for numeric outcomes are summarized as mean ± SEM. Fisher's exact test was used to compare groups on event incidence. Groups were compared on numeric outcomes using unpaired Student's t-test (two groups) or analysis of variance followed by Tukey's test for pairwise comparisons (more than two groups). Analyses were performed using SigmaPlot 11(Systat Software Inc). Statistical significance was defined as P<0.05. 
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